lobe epilepsy patients with a history of head injury (Swartz et al., 2006) , but the 93 functional implications of injury-induced regional alterations in neuronal circuitry after 94
The degree of mossy fiber sprouting after experimental TBI is qualitatively less 96 than the robust, bilateral sprouting observed weeks after experimental status epilepticus. 97
While less widespread axon reorganization is a more typical representation of the clinical 98 setting, computational models have suggested that synchronous network activity may 99 only occur if robust recurrent synaptic connections are present (Traub and Wong, 1981 ; 100 1982). Studies using extracellular field recordings to examine network excitability in the 101 dentate gyrus after experimental head injury have not consistently demonstrated 102 epileptiform activity after TBI (Reeves et recovery within a month after fluid percussion injury from an early increase in 105 extracellular excitability of the granule cell layer that may be related to mossy fiber 106 sprouting. Therefore, mossy fiber sprouting may play a different functional role in the 107 dentate gyrus after mechanical injury than in pharmacologically induced temporal lobe 108 epilepsy models. The persistence of recurrent excitatory connections between granule 109 cells after TBI has not been well established. Understanding how synaptic circuit 110 reorganization may contribute to seizures or chronic changes in excitability after TBI 111 should help to elucidate the importance of these cellular mechanisms in PTE. 112
Here, we performed controlled cortical impact (CCI) injury to test the hypothesis 113 that mossy fiber sprouting forms an excitatory feedback circuit between granule cells 114 after head injury. We specifically focused on three main questions: (1) can an increase in 115 excitatory synaptic input onto individual granule cells be detected after injury; (2) do 116 granule cells in slices with posttraumatic mossy fiber sprouting exhibit spontaneous 117 epileptiform activity; and (3) can excitatory synaptic events be elicited by local glutamate 118 photostimulation at distant locations within the granule cell layer? 119 120
Methods 121
Animals. Seven to eight week old adult male CD-1 mice (Harlan) weighing 28-35g were 122 housed under a normal 12h/12h light/dark cycle. Water and food were available ad 123 libitum. Mice were housed for a minimum of 7d prior to experimentation, and all 124 procedures were first approved by the University of Kentucky Animal Care and Use 125
Committee. 126
127
Head injury. Thirty-three mice were subjected to a severe unilateral cortical contusion by 128 controlled cortical impact (CCI) injury as previously described (Scheff et al., 1997; Hunt 129 et al, 2009 ). Briefly, mice were anesthetized by 2% isoflurane inhalation and placed in a 130 stereotaxic frame. The skull was exposed by a midline incision, and a 4mm craniotomy 131 was made lateral to the sagittal suture and centered between bregma and lambda. The 132 skull cap was removed without damage to the exposed underlying dura. The contusion 133 device consisted of a computer controlled, pneumatically driven impactor fitted with a 134 beveled stainless steel tip 3mm in diameter (Precision Systems and Instrumentation, 135
Fairfax, VA). Brain injury was delivered using this device to compress the cortex to a 136 depth of 1.0mm at a velocity of 3.5m/sec and 400ms duration. Surgiseal (Johnson &  137 Johnson, Arlington, TX) was placed over the dura after injury, the incision sutured, and 138 the animal was allowed to recover. 139 Seizure monitoring. Injured animals were monitored for immediate seizures (i.e., injury-140 induced) during a 90 minute interval that began ~90 minutes after CCI injury. We chose 141 this time for practical reasons (i.e., to allow animals to fully recover from anesthesia and 142 surgery) and based on a previous report that behavioral manifestations are not observed 143 until at least 1h post-CCI (Kochanek et al., 2006) . Control and injured mice were 144 subsequently observed 4-6 hr/wk for spontaneous seizures during random 1-2h intervals 145 until 10 weeks post-injury. Observation periods occurred during the light phase of the 146 light/dark cycle, and seizures were rated from 1 to 5, with 5 being the most severe, 147 according to a modified Racine scale (Racine, 1972; Shibley and Smith, 2002 for 500ms prior to and after each stimulation trial and averaged for each stimulus location 244 (i.e., n= stimulation sites). A response at a given location was considered to be positive 245 (i.e., a local synaptic connection was evoked) if the following criteria were satisfied: 1) 246
The number of EPSCs in at least one of the first three 100ms segments after stimulation 247 was greater than the mean number of events per 100ms prior to stimulation + 3SD. 2) A 248 response was observed in at least 3 trials with relatively consistent delay between 249 stimulation and response, demonstrating that the response was repeatable. Responses 250 with < 10ms latency between photostimulation and response were considered to be direct 251 in table 1, EPSC kinetics (i.e., 10-90% rise time and decay time constant) were 314 comparable to previous reports (Keller et al., 1991; Staley and Mody, 1992) , and 315 significant differences were not observed between groups (P>0.05). A significant 316 difference in the mean event frequency between treatment groups was detected by one-317 way ANOVA (control: 0.64 ± 0.3Hz, contralateral: 0.66 ± 0.4Hz, ipsilateral without 318 MFS: 0.65 ± 0.4Hz, ipsilateral with MFS: 2.2 ± 0.9Hz; F (3,64) = 27.1, P<0.001; Figure 3E ). 319
Post hoc comparisons revealed that granule cells from ipsilateral slices with mossy fiber 320 sprouting had a significantly higher frequency of sEPSCs versus other groups. To 321 determine whether EPSC frequency was associated with the density of Timm's staining, 322 a Timm score was obtained for each slice in which a recording was obtained. The average 323 sEPSC frequency for each cell in slices ipsilateral to the injury was plotted as a function 324 of Timm score ( Figure 3F) , and a Spearman's rank correlation analysis indicated a 325 significant positive relationship between EPSC frequency and Timm's score (r s = 0.82, P 326 < 0.001). This is consistent with previous reports that suggest a relationship between 327 EPSC frequency and degree of mossy fiber sprouting in kainate treated rats (Wuarin and 328 ). The mean amplitude of sEPSCs for each treatment group was: control, -329 7.4 ± 3.0pA; contralateral, -6.8 ± 1.7pA; ipsilateral without MFS, -7.1 ± 1.7pA; and 330 ipsilateral with MFS, -9.4 ± 5.4pA. One-way ANOVA did not indicate significant 331 differences between groups (F (3, 64) = 1.9, P > 0.05; Figure 3G we did not find evidence of a photolysis-evoked excitatory synaptic connection between 467 the hilus or CA3 region and any of our recorded granule cells. This is not surprising due 468 to the relatively low probability of finding connections between the hilus and granule 469 cells in vitro (Scharfman, 1995) . . This may be due to less robust Timm staining in the 497 inner molecular layer or less extensive synaptic network remodeling after head injury 498 (i.e., only a portion of the dentate gyrus forms a recurrent excitatory circuit). Mechanisms 499 other than mossy fiber sprouting and formation of new excitatory connections, such as 500 altered glutamate receptor pharmacology (Meldrum et al., 1999) or altered ion channel 501 function (Steinlein, 2004) , could also contribute to the abnormal responses observed after 502 injury and can not be ruled out. However, if these were sufficient features it would then 503 be expected that epileptiform activity be present in the injured dentate gyrus independent 504 of mossy fiber sprouting. We found a relationship between the degree of Timm granules 505 in the inner molecular layer and EPSC frequency as previously reported after kainate-506 treatment in rats (Wuarin and Dudek, 2001 ). Slices from injured animals that were devoid 507 of mossy fiber sprouting in the inner molecular layer acted as internal controls, and 508 responses in these slices were similar to those from uninjured controls, even in ipsilateral 509 slices from animals with regionally localized sprouting in adjacent sections of the dentate 510 gyrus. This supports the hypothesis that the presence of epileptiform activity is associated 511 with mossy fiber spouting, rather than injury. 512
Structural damage and mossy fiber sprouting after CCI injury remains relatively 513 localized to areas near the injury site, even in mice that have spontaneous seizures. This 514 is different from induction paradigms that use status epilepticus and typically result in 515 widespread damage that includes bilateral lesion of the hippocampus. Severe fluid 516 percussion injury, which primarily produces a concussive injury, also results in a variable 517 degree of bilateral damage and mossy fiber sprouting (Kharatishvili et al., 2006) . The 518 present results suggest that widespread damage and synaptic reorganization is not an 519 obligatory component of recurrent circuit formation or spontaneous seizure generation, 520 but at least some degree of synaptic reorganization appears to be requisite for seizure 521 generation. We report here a gross anatomical description of cortical damage after CCI 522 injury to provide a qualitative representation of the hippocampal damage observed in 523 mice used in this study. Other reports have provided more detailed analyses of the degree 524 of injury and cell loss produced by severe CCI (Tong et al., 2002; Hall et al., 2005 ; 525 Saatman et al., 2006) . In the present study, a lesion to the granule cell layer at the injury 526 site and mossy fiber sprouting was observed in nearly all mice. While mossy fiber 527 sprouting is more robust after severe versus moderate contusion injury (Hunt et al., 528 2009), it is unlikely that a granule cell layer lesion is necessary to elicit mossy fiber 529 sprouting after TBI (Kharatishvili et al., 2006) . 530
Sprouting after CCI was typically most robust in sections just temporal to the 531 injury site and became progressively less robust with increased distance away from the 532 injury. In contrast, sprouting was generally absent in sections septal to the injury. While 533 not always detected, granule cell loss has been reported in some temporal lobe epilepsy 534 patients (Houser, 1990) , and reductions in hippocampal volume have been reported after 535 TBI (Bigler et al., 1997). Likewise, a recent study reported mossy fiber sprouting in at 536 least a portion of the dentate gyrus -but not all areas -of resected tissue from all temporal 537 lobe epilepsy patients with a history of head injury (Swartz et al., 2006) . Therefore, 538 localized mossy fiber sprouting is likely a relevant marker of TBI-induced epilepsy 539 associated with mesial temporal lobe sclerosis. 
